S
troke is a major health problem globally. 1 In 2013 there were almost 25.7 million people living with stroke worldwide. 1 Almost one-quarter of stroke events are recurrent. 2 Physical, psychological, and psychosocial problems following stroke have been linked to a reduction in physical activity (PA) participation. [3] [4] [5] The importance of adequate PA for cardiovascular health is well documented, 2, 6, 7 and the detrimental effects of sedentary behavior even in healthy individuals are compelling. [8] [9] [10] Physical activity is a continuum, beginning with sedentary behavior at ≤1.5 metabolic equivalent tasks (METS) up to moderate-vigorous PA (MVPA) at ≥3 METs. Walking is one way to increase PA and prevent and manage chronic disease. 11 Physical activity guidelines for healthy individuals state that 30 minutes of moderate-intensity PA should be undertaken 5 days per week. 12 The American Stroke and Heart Association recommends that people with stroke perform aerobic activity for 20 to 60 minutes 3 to 5 days per week and strength, neuromuscular, and flexibility exercises 2 to 3 days per week for future stroke and cardiovascular disease prevention. 3 However, commonly people with stroke exhibit low intensity (energy expenditure), 13 frequency (step counts), 4,5,13--15 and duration (walking duration) [16] [17] [18] of PA and high sedentary time. 19 While there are currently no evidence-based recommendations for the level of PA needed, or the level of sedentary behavior to avoid, to maintain or improve health and reduce cardiovascular risk after stroke, PA and sedentary behavior are essential targets for risk management in this population. In view of increasing awareness of the importance of PA after stroke and the rapid growth in the use of devices to measure PA, the aim of this systematic review is to describe how physically active people are in the various stages of recovery following stroke (acute, subacute, and chronic).
Methods

Data Sources and Searches
Searches were conducted in MEDLINE, CINAHL, EMBASE, the Cochrane Library, and PEDro from inception until June 23, 2016 . Search terms were grouped into three categories: condition (stroke-related words), method of measuring PA (eg, pedometer, behavioral mapping), and words related to PA. These categories were connected with "and" (eg, stroke and activity monitor and physical activity) (eTab. 1, available at academic.oup.com/ptj). Reference lists of included studies were checked for relevant studies. This review is registered on PROSPERO, CRD42012003487, and the review was conducted as planned.
Inclusion Criteria
Studies, any design, published in peer-reviewed journals were eligible. Participants were adults (≥18 years) with a clinical diagnosis of stroke. Studies including mixed neurological populations were included if data for participants with stroke could be extracted separately.
Physical activity had to be measured for at least 4 hours, with method of measuring PA (device or behavioral mapping) specified and an objective measure of PA reported. Devices include accelerometers and pedometers. Behavioral mapping involves observation of an individual at intervals (eg, 10 minutes) with activity, location, and people present recorded. 17 Behavioral mapping is accepted to have good face validity over short periods 17 and has demonstrated high levels of inter-rater reliability in many studies. 20 
Exclusion Criteria
Studies not reported in English, or those in which the PA outcome was derived from self-report or questionnaire responses, were excluded. These subjective measures of PA have value for acquiring participant perceptions of activity, but accurate measurement of activity volume is limited by over-estimation and inaccurate recall. 14 Studies of upper and lower limb PA were excluded if lower limb PA could not be extracted separately.
Study Selection
Two reviewers (NF and JB) independently reviewed the title and abstract of studies. Where inclusion was unclear from the title or abstract, the full text was obtained and the 2 reviewers applied the criteria to the full text.
Quality Assessment
Studies were screened for quality to assist with interpretation of the review findings. Six items from the Downs and Black checklist for measuring study quality 21 were considered relevant to this systematic review and were graded yes/no by 1 reviewer (NF). They included assessment of selection bias (Item 11); adequate description of participant characteristics (Item 3); including co-morbidities that may impact on PA participation; description of the method of measuring PA (Item 4); reporting of the accuracy of the method of measuring PA (Item 20); a clear definition of outcomes measured (eg, energy expenditure, time spent sitting) (Item 2); and reporting of the estimates of variability and point estimates for activity measurements (Item 7). The quality assessment criteria are shown in eTable 2 (available at academic.oup.com/ptj).
Data Extraction
One reviewer (NF) extracted the full reference details, study objective and design, participant and condition details, and study method. Specifics on activity monitoring such as the method of measuring PA, number of days and hours per day of PA measurement; PA outcomes (see Tab. 1; eg, energy expenditure, steps/day, sedentary time), and the reported reliability and validity of measurement methods were extracted.
Data Synthesis and Analysis
Weighted means (by sample size) were calculated in Microsoft Excel for each activity outcome for each stage post stroke (acute: 0-14 days, subacute: 14 days-6 months, chronic: >6 months). 22 The mean of each activity outcome was multiplied by the study sample size, and the sum of these was divided by the number of participants included in the analysis. Data reported as medians were not included in the pooled quantitative analysis but were included in the narrative review.
Data from devices and behavioral mapping were pooled separately as they are not comparable methods of measuring PA: behavioral mapping entails human observation to measure at regular intervals, and electronic devices result in continuous data. Physical activity outcomes across the intensity, frequency, and duration domains measured by devices and behavioral mapping are listed in Table 1 .
Where possible, outcomes reflecting the same construct were combined into a single category. For devices, we combined sedentary time, time not on feet, time lying, time sitting, and time inactive. Outcomes measured over waking hours versus over 24 hours were considered separately, as time sleeping impacts time inactive. For behavioral mapping, the outcomes combined were time spent in bed (no activity) with time spent in bed (talk, eat, leisure).
Where PA was measured more than once within a stage post stroke (acute, subacute, chronic), the results from only the first instance of measurement were taken for the analysis. This was to ensure that data from each participant were included only once in the analysis.
A sensitivity analysis was conducted on outcomes that were measured by devices with demonstrated reliability in stroke. 20, 23, 24 Longitudinal studies that followed participants for at least 6 months underwent an additional descriptive synthesis to examine changes in outcomes from the acute to subacute and chronic phases. When PA outcomes were comparable across studies that included age-matched healthy individuals, the data were pooled using n weighted means and included for comparison purposes.
Results
Characteristics of Included Studies
We identified 1738 potential articles and included 103 papers published between 1980 and 2016; 73 used devices and 30 used behavioral mapping (see Fig. 1 ). Most device papers were published in the past 10 years (92%). Fifteen studies (all using devices) were longitudinal. 5, 13, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Physical activity was measured in 5306 people with stroke (3493 with devices, 1813 with behavioral mapping). Sample sizes ranged from 1 to 408 (mean 52); age of participants ranged from 21 to 96 (mean 66).
Quality assessment scores ranged from 2 to 8 out of 8 (median = 5) (eTabs. 3 and 4, available at academic.oup.com/ ptj). Most papers scored well on items relating to definitions of the method used to measure PA and outcome measures. Most papers scored poorly on potential selection bias, participant co-morbidities, and instructions.
Studies included patients with a broad range of stroke severity, but it was difficult to pool severity data as many different scales were used. Generally devices were used to measure ambulant participants and behavioral mapping was used to measure PA for a broader range of participants, with many non-ambulant. Devices were most commonly used in the chronic phase in a community setting (n = 2420, 45 studies), and behavioral mapping was used in the acute or subacute phases (acute: n = 980, 10 studies; subacute: n = 816, 20 studies) in an inpatient hospital setting.
Data for activity counts, activity bouts, and time spent in light PA were not pooled as these were not consistently defined or calculated across different devices. Three studies were consistent in their definitions of MVPA, 36, 38, 39 and consequently their values were pooled (Tab. 2).
Device Results
Twenty-three devices were used to measure PA in 73 studies, with the Step Activity Monitor (SAM) (22 studies) most common.
Step count was the outcome measured most with a device (n = 1659, 47 studies); however, many different outcomes were measured across the PA domains of intensity, frequency, and duration (see Tab. 1). Physical activity was measured with a device from 7 hours to 3 weeks. Measurement occurred for 1 day in 12 studies and for greater than 3 days in 41 studies. Nine devices have demonstrated fair to good validity in a stroke population for a range of outcomes. 20, 23 High retest reliability (ICC = 0.8-0.989) has been established for 6 devices used in 44 of the 73 studies. 20, 23, 24 The characteristics of included device studies are documented in eTable 5 (available at academic.oup.com/ptj). Intensity outcomes-devices. All data pooled for intensity outcomes are included in Table 2 . Energy expenditure was higher in the subacute (weighted mean 2205kCal/day, n = 46, 2 studies) 13, 40 than the chronic phase (1257kCal/day, n = 172, 7 studies). 13, 19, [40] [41] [42] [43] [44] Frequency outcomes-devices. On average stroke survivors took 5535 steps per day (n = 406) in the subacute phase and 4078 steps per day (n = 1280) in the chronic phase; however, the number of participants tested in the subacute phase was relatively small. Data were presented as medians for step count in the subacute phase in 4 studies, all with medians less than 3000 steps per day (total n = 589). 26, 30, 45, 46 Considering these values, the pooled mean may be a high estimate. Median step count in the chronic phase ranged from 4047 (n = 69) 26 to 4765 (n = 49) 14 to 6407 (n = 9). 34 Number of transitions/day (position changes) was infrequently reported (n<100) in the subacute phase. No studies supplied mean data in the acute phase. Median number of transitions/ day was reported as 13.5 (n = 16) to 50 (n = 28) in acute, 31 
Behavioral Mapping Results
When behavioral mapping was used to measure PA, the most common outcomes assessed were time spent in bed (n = 1586) and time spent sitting (n = 760), predominantly in the acute and subacute phases of care (Tab. 3). Only 1 study collected behavioral mapping data in the chronic phase. Physical activity was measured from 8 hours on 1 day to 5 hours on 10 days. Observations were most commonly made every 10 minutes. The characteristics of included behavioral mapping studies are documented in eTable 6 (available at academic.oup.com/ptj).
Intensity and frequency outcomesbehavioral mapping. No data on intensity or frequency were collected via behavioral mapping. Duration outcomes-behavioral mapping. Daily time spent in bed was higher in the acute than subacute phase (mean 45.1%, n = 832 versus 23.8%, n = 500), and daily time spent sitting was similar in the acute and subacute phases (mean 37.6%, n = 801 and 32.6%, n = 527, respectively). Median daily time spent in bed was reported as 48.1% (n = 47) to 63% (n = 86) in acute 50, 51 and 35% (n = 104) in subacute. 51 Median daily sitting time was 4% (n = 86) to 13.7% (n = 47) in the acute phase 50,51 and 29.6% (n = 104) in the subacute phase. 51 Mean time standing and walking per day was the same across acute and subacute phases (9.2%, n = 715 and 226, respectively). Median daily time standing and walking ranged from 6% (n = 86) to 14.3% (n = 47) in acute 50, 51 and 8.0% (n = 104) to 8.2% (n = 32) in subacute. 51, 52 Time in transitions per day was similar in acute (8.5%, n = 291) and subacute (10%, n = 136) phases. Median daily time in transitions was 3.0% (n = 47) to 15.0% (n = 86) in acute 50,51 and 9.0% (n = 104) in subacute. 51 
Sensitivity Analysis-Outcomes Measured with Reliable Devices
Four devices (SAM, Yamax Digiwalker SW-200 Pedometer, SenseWear Armband, ActivPAL) have high retest reliability when measuring steps/day (ICC = 0.87-0.98). 20, 23, 24 When pooling only results using these devices, steps/day is lower in both the subacute (3283 steps, n = 96, 5 studies) and chronic phases (3994 steps, n = 790, 21 studies). Three devices have high retest reliability for measuring daily energy expenditure (ICC = 0.85-0.95). 20, 24 Pooling data from these devices, the daily energy expenditure results are the same for the subacute phase (2204kCal, n = 46, 2 studies) and higher than previously demonstrated in the chronic phase (1545kCal/day, n = 135, 5 studies). Peak activity index measured with the SAM is highly reliable. 20 This was the only device used to measure peak activity index, thus the results were unchanged.
Longitudinal Studies
Only 3 longitudinal studies including 71 participants measured PA from the acute to the subacute to the chronic phase. 13, 31, 33 The only statistically significant changes in PA measures occurred from acute to subacute. These positive changes appear to occur early in the subacute phase, that is, within 3 months of stroke onset. After this time PA measures plateaued. The statistically significant improvement from acute to subacute was noted in the domains of intensity (energy expenditure: One study measured PA in acute and subacute phases with no differences in outcomes. 47 Seven studies measured PA from the subacute to chronic phase. Two of these studies demonstrated improvement within the subacute phase, but plateaued from the late subacute to chronic phase; 29, 30 3 studies showed increased PA from the initial assessment which was in the subacute phase to the next assessment which was in the chronic phase; 26,36,37 and 2 studies showed no change between the subacute and chronic phases. 27, 35 The statistically significant improvements in the individual studies were across the frequency (step count 26, 30, 36 and number of transitions 29 ) and duration (time standing and walking, 29, 36, 37 time in MVPA 36 and time sitting/lying 37 ) PA domains. Other longitudinal studies measured only chronic outcomes (ie, the first measurement was greater than 6 months after stroke).
Comparison with Matched Healthy Individuals
In 12 studies data were collected on matched healthy individuals. Data for 5 outcomes were able to be pooled. The weighted mean value for steps per day was 8338 measured in 129 healthy individuals in 7 studies. Comparisons of chronic participants with stroke and healthy individuals' PA can be seen in Figure 2A and B.
Discussion
Physical activity levels are low in people with stroke. On average, steps per day was 5535 steps in the subacute phase and 4078 in the chronic phase, far less than the average measured in healthy participants, 8338 steps. Duration measures of PA, although measured in few device studies, demonstrated lower PA levels in the subacute than the chronic phase. In longitudinal studies PA values do not appear to change consistently over time after the subacute period; however, the limited number of studies comparing the same participants over time should be noted. In both behavioral mapping (measured in a hospital setting) and device studies, time spent standing and walking was less than 10% of measured time and the majority of the day was spent sedentary (lying or inactive) regardless of time since stroke.
Meeting PA Recommendations
It is doubtful that stroke survivors meet American Stroke and Heart Association PA recommendations. 3 Recommendations state that from the subacute phase people with stroke should engage in aerobic activity, defined as 40-70% VO2 reserve or 40-80% of maximal heart rate for 20-60 minutes, 3 to 5 days per week. 3 Since no studies in this review measured these values, we could not determine whether recommended levels were achieved. If we examine a measure of PA intensity, however, our results show that energy expenditure was very low in the chronic phase of stroke (1257 kCal/day) compared to matched healthy controls (1986 19 and 2200kCal/day 13 ). Although lower than healthy controls, in a recent review Kramer et al argue that the higher energy costs after stroke mean that simply walking may represent moderate intensity PA. 53 In the studies included in this review, duration of time spent in standing, walking, or PA was simply time not sitting or lying, making it doubtful that most of this time was in fact of sufficient intensity to meet PA duration recommendations. In this review, many studies focused only on measuring steps. Despite an emphasis on step counts in public health documents, 11 we do not know whether this alone is an important outcome in stroke. It is imperative that future studies include outcomes across all domains of PA (intensity, frequency, and duration) so we can assess the full PA picture and match PA to recommendations.
Interpretation of Data
It is challenging to pool data from different studies. PA data were often collected and reported over different time periods (eg, devices worn for 24 hours compared to waking hours or data collected over one day compared to data averaged over one week). Behavioral mapping was always performed during waking hours and therefore data combined from those studies is largely comparable. Definitions are important. For example, "activity counts" are generally arbitrary units specific to an individual device and there is a wide range in mean values reported: 256.7 54 -673,920. 55 Pooling data for "activity bouts" can also be misleading as this too is variably defined. For example, in some studies an activity bout is a minimum of 2, 56 4, 57 or 5 58-60 consecutive strides, or a minimum of 4 61 or 5 16 seconds of continuous activity, whereas in others it's defined as moving from inactivity to activity to inactivity again. 62, 63 Different sampling epochs may also affect interpretation of bouts and bout length. 63 For these reasons we did not pool activity bout data in this review.
Energy expenditure was measured in 7 studies 13, 19, [40] [41] [42] [43] [44] and was measured indirectly by 4 different devices apart from 1 study 41 that validated an armband sensor using the gold standard doubly labeled water. The equations used by these devices to estimate energy expenditure are not disclosed and therefore the effects of over-and underestimation are unknown and are likely to be different for each device. It is also sensible to interpret summary data for MVPA, another way of measuring activity intensity, with caution. Devices calculate and define MVPA differently. While ≥3 METS is common, MVPA is also estimated using varying activity count thresholds. Thus comparison of intensity data across devices should be interpreted with caution.
Physical Activity Patterns Over Time
Our review suggests that there may be changes in behavior patterns over time following stroke. This is indicated by the increase in duration measures and number of transitions measured with devices from the subacute to chronic phase and the observation that time spent lying is higher in the acute than subacute phase. Longitudinal studies that measure the same outcomes in the same participants with the same methods are important to understand how PA changes over time in people with stroke. These studies could help determine where and when we should target interventions to address PA participation. This review identified only 3 longitudinal studies that measured PA from the acute to chronic phase (n = 71). 13, 31, 33 These studies demonstrated that PA increased across all PA domains (intensity, frequency, and duration) within the first 3 months of stroke but then plateaued. Behavior patterns established within the first 3 months post stroke may dictate longterm PA habits. Physical therapists are well placed to encourage positive behavior patterns early and help translate mobility and functional gains made in therapy to an increase in PA in the longer term.
Physical Activity of People With Stroke Compared to Other Populations
Ten thousand steps per day is classified as active; 64 however, this goal may be unattainable for some populations, including older adults and those with chronic diseases. Compared to people with stroke, those with COPD of varying severity demonstrate moderately higher step count values (5500-6000), 65, 66 and lower time in PA per day (2.55 hours). 65 People with diabetes demonstrated considerably greater PA participation than those with stroke in a large study of 528 newly diagnosed patients with diabetes ( When comparing PA of people with stroke to that of other populations in an inpatient setting with behavioral mapping, results are also variable. One study that investigated PA in 32 patients within 7 days of myocardial infarction found similar levels of time spent resting in bed (approximately 50%) after adjusting for age, walking ability, and days post event. 68 However, in a study of elderly people in inpatient rehabilitation, the median daily time upright measured by behavioral mapping was 1.3 hours. 69 In this review the time spent standing and walking measured by behavioral mapping was 9.2% of measured time (~50 minutes). The evidence appears to indicate that people with stroke are less active than people with other diagnoses. Physical activity in stroke survivors could be influenced by physical disability (although many of the stroke studies included mildly physically affected individuals), fatigue, low mood and motivation, and cognitive impairments. The absence of information about these potential modifiers in PA literature hampers our ability to examine hypotheses about these characteristics. Although not a focus of this review, routine collection of information about these factors would be useful in the future.
The amount of PA completed by people with stroke is much less than healthy older adults. Normal values for healthy older people have been reported to be 6,000-7,000 steps per day on non-exercise days, 64 substantially greater than individuals with stroke. However, in an updated review of healthy older adults aged 50-94, Tudor-Locke et al 70 showed marked variation in the average number of steps per day (2000-9000). We showed in Figure 2A and B marked differences in PA measures in healthy older adults and stroke survivors. The expectation for people with stroke to achieve PA targets for healthy individuals is probably too high. While Tudor-Locke et al recommend 6,500-8,500 steps per day for those living with a disability or chronic illness, 71 it is apparent that people with stroke are not achieving this.
Review Limitations
There were a number of limitations in this systematic review. First, due to the large volume of studies on this topic, it was decided a priori that conference abstracts and unpublished work would not be included. Second, only 1 reviewer applied the quality assessment criteria and extracted the data. Third, data that were reported as medians were not included in the pooled analysis due to lack of normally distributed raw data. This may have impacted the results. If these data were included, they generally would have resulted in even lower PA than that reported in this review, and therefore our conclusions regarding activity levels are likely to be high. Many devices without proven reliability have been used in the literature and were included in this review. When considering the results of the sensitivity analysis of only devices with known accuracy, it becomes apparent that the pooled estimates reported for steps/ day are likely to be overestimated. In addition, the quality assessment results demonstrated potential selection bias and (lack of) instructions and this may have led to an over-estimation of habitual PA.
A further limitation is that some studies were included with as little as 7 hours of PA measurement time. There are no current guidelines for minimum activity monitor wear-time in stroke; however, in healthy populations a minimum of 13 hours per day has been suggested. 72 Also, some PA outcomes were included in the analyses with few participants (n < 100), and less emphasis should be placed on these results. This was due to the large number of outcomes reported in the literature and highlights the need for consistency in future work. In addition, we did not assess the impact that receiving rehabilitation just prior to or at the time of testing may have had. Finally, a notable limitation is the vast number of scales used to measure stroke severity and functional status, which prevented us from pooling some data and assessing the impact of stroke severity on PA outcomes. Once again this highlights the need for consistent use of scales in future research.
Future Implications
We believe it is important to measure sedentary time and frequency, intensity, and duration of activity bouts as these outcomes have been shown to be important for cardiovascular health. 8, 73 Longitudinal studies of these parameters will allow reliable comparisons to be made across time periods and with PA guidelines. It is imperative for researchers to reach consensus on which are the most reliable and user-friendly monitors; what thresholds and protocols to use; and which outcomes to measure for future research into PA. This will enable accurate data pooling, which will assist with development of specific PA recommendations for the stroke population. Important topics for future investigation include determining whether PA in the acute and subacute phases can predict PA behaviors in the chronic phase, and developing targets for each phase or environment (ie, acute, inpatient rehabilitation, prior to discharge home). There are now emerging trends to develop behavior change models in stroke to address fitness and PA. There have been many recent advances in the use of technology for increasing PA specifically aiming to increase consumer motivation, engagement, and awareness of the issues. The use of such technology for people with stroke is a promising prospect and is already being explored in the research and clinical communities. 74, 75 
Conclusions
Physical activity levels in people with stroke are lower than age-matched controls and do not appear to meet PA guidelines. People who have had a stroke spend long periods inactive and sedentary throughout all stages following stroke, particularly during the acute phase. Longitudinal studies that compare the PA of the same people over time are needed. Increasing PA and developing standardized activity targets may be important for therapy across all stages of stroke recovery.
